Lipid rafts are microdomains present in the membrane of eukaryotic organisms and bacterial pathogens. They are characterized by having tightly packed lipids and a subset of specific proteins. Lipid rafts are associated with a variety of important biological processes including signaling and lateral sorting of proteins. To determine whether lipid rafts exist in the inner membrane of Borrelia burgdorferi, we separated the inner and outer membranes and analyzed the lipid constituents present in each membrane fraction. We found that both the inner and outer membranes have cholesterol and cholesterol glycolipids. Fluorescence anisotropy and FRET showed that lipids from both membranes can form rafts but have different abilities to do so. The analysis of the biochemically defined proteome of lipid rafts from the inner membrane revealed a diverse set of proteins, different from those associated with the outer membrane, with functions in protein trafficking, chemotaxis and signaling.
Introduction
Cholesterol and other sterols are essential structural components of eukaryotic cell membranes. One important characteristic of sterols is that they promote the formation of liquid ordered domains, often referred to as lipid rafts (Brown and London, 1998) . Lipid rafts in eukaryotes are characterized by having membrane lipids that are more tightly packed than in the surrounding liquid disordered bilayer, by having a high concentration of cholesterol and sphingolipids, and by their association with a subset of specific proteins with important biological functions (Brown and London, 2000) . Since prokaryotes cannot synthetize cholesterol, for a long time it was thought that lipid rafts were present only in eukaryotes. This notion has now been revised with the discovery of lipid rafts in Borrelia burgdorferi, the agent of Lyme disease (Burgdorfer et al., 1982; Benach et al., 1983; LaRocca et al., 2010 LaRocca et al., , 2013 and functional microdomains in other bacteria (Lopez and Kolter, 2010) . Rafts may be present in even more bacteria, as several have cholesterol in their membranes. Intracellular bacteria transmitted by ticks require incorporation of cholesterol onto their membranes (Lin and Rikihisa, 2003) . Anaplasma phagocytophilum incorporates cholesterol through the low-density-lipoprotein (LDL) pathway of the host (Xiong et al., 2009) . Mycoplasma spp. also incorporate cholesterol onto their membranes (Smith, 1971; Razin, 1978; Razin et al., 1982) . B. burgdorferi and Helicobacter pylori incorporate host cholesterol Correia et al., 2014) and through the action of a galactose and a glucose transferase, respectively (Lebrun et al., 2006; Ostberg et al., 2007) , make cholesterol glycolipids (Hirai et al., 1995) . In B. burgdorferi, one of these cholesterol glycolipids, cholesteryl 6-O-palmitoyl-b-D-galactopyranoside (ACGal), is essential in the formation of lipid rafts , and a recent study detected a flotillin homolog enriched in detergent resistant membranes (DRM), suggesting the presence of lipid rafts in H. pylori (Hutton et al., 2017) .
Functional microdomains in Bacillus subtilis lack cholesterol but functionally, and at least to some extent structurally, resemble eukaryotic lipid rafts (Lopez and Kolter, 2010) . These domains require the biosynthesis of polyisoprenoid lipids and colocalize with flotillin (Lopez and Kolter, 2010) , a scaffold protein that is important for the recruitment of raft-associated proteins into membrane microdomains in eukaryotes (Langhorst et al., 2005) .
Another basis for bacterial membrane raft formation may involve hopanoids, a family of lipids commonly found in bacteria (Ourisson and Rohmer, 1992) . Hopanoids have a ring structure similar to that of sterols, and are important for regulation of membrane fluidity (Welander et al., 2009) . Hopanoids act as functional analogues of cholesterol (Saenz et al., 2015) , and can interact with glycolipids in bacterial outer membranes to form a liquid ordered bilayer, similar to the way that cholesterol interacts with sphingolipids to form rafts in eukaryotic cells (Saenz et al., 2015) . Recently, small lateral features in the membranes of B. subtilis have been documented that share properties with lipid rafts (Nickels et al., 2017) .
Despite having different lipid constituents, bacterial microdomains have characteristics shared with eukaryotic lipid rafts. For example, they are resistant to solubilization by nonionic detergents, are enriched in proteins, which like flotillin, have SPFH (Stomatin, Prohibitin, Flotillin, HflC/HflK) domains, and have specific membraneassociated functions (Lopez and Kolter, 2010; Saenz et al., 2015; Toledo et al., 2015; Lopez and Koch, 2017) . Overall, although membrane microdomains in prokaryotes are novel from structural, physiological and evolutionary perspectives, they establish a tantalizing structural and evolutionary link between prokaryotes and eukaryotes.
Although this new field has advanced rapidly, there are still fundamental questions that are unanswered. Gram-negative bacteria have two membranes, a cytoplasmic or inner membrane (IM) and an outer membrane (OM), which increases the complexity of processes such as signaling and trafficking. So far, membrane lipid domains have been identified in OMs. This leaves unanswered the question as to whether membrane domains exist in inner cytoplasmic membranes, and if so, what are the similarities and differences with domains in the OM?
To address these questions we studied B. burgdorferi, a diderm bacterium that lacks LPS but has a large number of outer surface proteins as well as cholesterol and cholesterol glycolipids (Livermore et al., 1978; Brandt et al., 1990; Radolf et al., 1994; Radolf et al., 1995) . In previous studies on B. burgdorferi, we demonstrated the presence of lipid rafts by biophysical and biochemical means, and we visualized them in the OM through electron microscopy . Whether lipid rafts form in the IM was not studied. However, a proteomic study of B. burgdorferi lipid rafts (derived from whole cells) revealed the presence of predicted IM proteins in lipid rafts (Toledo et al., 2015) . Moreover, SPFH domain-containing proteins (HflC and HflK) that are found in eukaryotic lipid rafts (Browman et al., 2007) , were predicted to be in the IM of B. burgdorferi.
In this study, we isolated the IM and OMs of B. burgdoferi and then demonstrated using biophysical, biochemical and proteomic approaches that lipid rafts can form in both membranes, but have different properties. Lipids from each membrane fraction had different abilities to form domains. In addition, as judged by biochemical methods (detergent resistance), lipid raftassociated proteins in the IM and OMs were different, with the IM rafts being enriched in transporters and signaling proteins, linking these domains with protein trafficking and sensing and signaling pathways. In contrast, the OM rafts were enriched in lipoproteins associated with tick/host adaptation which is important for the biology of B. burgdorferi. The presence of lipid rafts in the IM establishes another layer of biological complexity in fundamental biological processes that could exist in many Gram-negative and prokaryotes with doublemembranes.
Results

Separation of the inner and outer membrane
To determine whether lipid rafts were present in both membranes, we separated B. burgdorferi into IM and OM fractions and carried out a western blot using known markers to cytoplasmic, IM and OM proteins. The IM fraction contained: DnaK, a cytoplasmic chaperone; OppAIV, an IM protein; and traces of OspA, an OM protein (Fig. 1A) , indicating that the IM fraction includes the protoplasmic cylinder, which contains the cytoplasm and the peptidoglycan-cytoplasmic membrane complex and traces of the OM (Fig. 1A) . Of these proteins, the OM fraction only showed the presence of OspA indicating A. DnaK, OspA and OppA4 antibodies were used to assay the separation of the OM and the IM fractions. B. HflC and FtsH proteins were associated exclusively with the IM fraction, supporting their association with the inner membrane. OM: outer membrane; IM: Inner membrane. Controls using secondary antibodies alone were nonreactive (not shown).
that there was no detectable contamination from the cytoplasm or components from the IM (Fig. 1A) . Several membrane separations were carried out throughout this project with consistent results. For quality control purposes, fractions were probed with a battery of monoclonal and polyclonal antibodies to antigens with known locations in the cell (Supporting Information Fig. S1 ). These included HtrA that is found in both IM and OM fractions; OspB, P66 and Lp6.6 which are enriched in the OM; and Lon protease, DnaK and Flab which partition on the IM only.
In a previous study, in which we characterized the biochemically defined lipid raft proteome of B. burgdorferi whole cells, we found proteins in the lipid raft fraction that were predicted to be associated with the IM, most notably HflC, HflK and FtsH (Toledo et al., 2015) . Western blots confirmed that they partitioned in the IM fraction (Fig. 1B) , suggesting that lipid rafts could also exist in the IM.
Cholesterol and cholesterol glycolipids are present in the inner membrane fraction
The presence of cholesterol glycolipids was assayed in both IM and OM fractions using an antibody to asialo GM1 ( Fig. 2A) (Garcia Monco et al., 1993; GarciaMonco et al., 1995) . In addition, total lipid extracts from both IM and OM fractions were subjected to TLC to separate the main lipids. Both the IM and OM fractions had the same lipids: including phosphatidylcholine (PC), phosphatidylglycerol (PG), mono-a-galactosyl-diacylglycerol (MGalD) cholesteryl-b-D-galactopyranoside (AGal) and cholesteryl 6-O-palmitoyl-b-D-galactopyranoside (ACGal), as well as free cholesterol and cholesterol esters (Fig.  2B) . However, the relative quantity of cholesterol glycolipids (ACGal and CGal) was higher in the OM whereas the IM was richer in MGalD (Fig. 2C) .
Borrelia lipid extracts from the inner and outer membrane fractions do not form bilayers with equal levels of membrane order Previous studies have shown the presence of cholesterollipid containing microdomains in B.burgdorferi in vitro and in vivo (LaRocca et al., 2010; LaRocca et al., 2013) , and have evaluated the contribution of different Borrelia lipid components to domain formation . The finding that there are raft-associated proteins as well as cholesterol and cholesterol glycolipids in the IM led us to study whether rafts can also be formed from their lipids. To study the ordered state formation in bilayers formed from the IM and OM lipids, multilamellar vesicles (MLVs) subjected to mild sonication were prepared from total lipid extracts from both membranes. For comparison, DOPC was used to prepare vesicles that exist in a fully disordered state.
Membrane order was measured by DPH fluorescence anisotropy. The values for anisotropy are high (0.3) in the solid-like gel and in liquid-ordered states, whereas the values for anisotropy are much lower in the liquiddisordered state (0.05-0.15) (Gidwani et al., 2001) . Figure 3A shows that vesicles made with IM and OM lipids showed a higher value of fluorescence anisotropy than the disordered state forming control vesicles formed from DOPC. The anisotropy values for the OM lipids were higher than those of the IM (Fig. 3A) indicating that they have a higher degree of membrane order.
The higher degree of order in the vesicles formed from Borrelia membrane lipids could reflect the formation of ordered membrane domains, with the level of ordered domain formation being higher in the OM lipid vesicles than those formed from IM lipids. Alternately, the membranes could lack domains, and simply have different levels of order due to the presence of different levels of cholesterol lipids. The temperature dependence of anisotropy did not distinguish between these possibilities. Anisotropy values decrease as temperature increases because membrane disorder increases at elevated temperature (Gennis, 1989) . Sometimes transitions between ordered and disordered states can be detected by a cooperative transition between a high and low anisotropy state as temperature increases, but that was not the case for vesicles formed from either IM or OM lipids.
Borrelia lipid extracts from the inner and outer membrane fractions have different abilities to form ordered domains Because fluorescence anisotropy did not differentiate between homogenous membranes with a high degree of order and heterogeneous membranes where ordered and disordered domains coexist, FRET was used to detect whether lipids from IM and OM fractions could segregate into coexisting ordered and disordered domains. Domains were detected by FRET using fluorescence probes that partition differentially into ordered and disordered domains, pyrene-DPPE and rhod-DOPE (Pathak and London, 2011) . Because of partial segregation of pyrene-DPPE into ordered domains and partition of rhod-DOPE into disordered domains, donor fluorescence ratio in the presence of acceptor to that in its absence (F/Fo) is higher (i.e., FRET is weaker) in segregated bilayers than in homogenous bilayers. As temperature increases, domains melt and disappear and the bilayer becomes homogeneous, increasing FRET (i.e., decreasing F/Fo). Figure 3B shows that vesicles composed of lipids from the IM and those composed of lipids from the OM both showed high values of F/Fo (weak FRET) relative to that in DOPC vesicles which do not form domains. In addition, donor fluorescence showed a sigmoidal temperature dependence characteristic of a thermal melting transition from a state in which ordered and disordered domains coexist to one at high temperature in which the bilayer is in a homogenous disordered state. As judged from higher F/Fo values, the vesicles formed from the OM lipids appeared to have a greater degree of segregation into ordered and disordered domains than those formed from the IM lipids, that is, exist with a higher fraction of the membrane in the form of ordered domains over the experimental temperature range, in agreement with the anisotropy results. It is also possible that the difference in FRET reflects larger domains in the OM samples or a greater difference in donor and acceptor partitioning into OM lipid domains. The transition temperature was higher for the vesicles prepared from OM lipids relative to those formed from IM lipids. This indicates that ordered domains were more thermally stable in vesicles formed from OM lipids. The influence of temperature on the physical state of the lipid rafts may have an important in vivo corollary on the ability of B. burgdorferi to persist in diverse environments.
Double bond content of inner and outer membrane lipids
FRET and anisotropy analysis showed that the OM lipids formed vesicles with a higher level of order than the IM as well as a greater ability to form ordered domains. These properties are consistent with the higher level of cholesterol lipids in the vesicles prepared from OM lipids. However, this difference could also reflect a different level of acyl chain saturation in IM and OM lipids. Lipids having unsaturated acyl chains (acyl chains containing double bonds) have a decreased ability to form ordered domains relative to those with saturated acyl chains (London, 2002) . The saturation of acyl chains is important for the formation of tightly packed ordered domains in eukaryotic cells (London, 2002) , and in B. burgdorferi ). Therefore, using 1 H NMR we measured the number of double bonds in the three major Borrelia lipid species: PC, ACGal and MGalD. The percentage of saturation for each lipid is showed in Fig. 4A -C. There was no significant difference in saturation levels between ACGal from the IM and OM (Fig.  4D ). In contrast, the level of saturation of the acyl chains of MGalD and PC were significantly lower (p-value< 0.001) in the IM, reflecting a higher double bond ratio for these lipids (Fig. 4D ). This suggests these IM lipids have a decreased ability to form ordered domains relative to the corresponding lipids in the OM. For outer membrane PC, the 71% estimate for lower limit to the percentage of saturated acyl chains gives an upper limit of 58% of PC molecules having one double bond. The lower limit is calculated by assuming that no acyl chains have more than one double bond. The actual percent of saturated acyl chain is slightly higher due to the presence of acyl chain with multiple double bonds. Prior studies indicate that only a small fraction of unsaturated acyl chains in Borrelia have multiple double bonds (Hossain et al., 2001) . This means that 42% or more of the PC molecules have two fully saturated acyl chains. In contrast, there is an upper limit of 80% of PC molecules with one double bond in the IM, which could mean as little as 20% of inner membrane PC have two fully saturated acyl chains. For MGalD, there is a high enough level of double bonds (1.6 double bonds per MGalD in the OM and 1.8 in the IM MGalD) so that every MGalD could contain one or more double bonds.
The lipid rafts from the inner membrane and outer membrane have different associated proteins
In a previous study, we characterized the lipid raft proteome of B. burgdorferi whole cells (Toledo et al., 2015) .
One of the most interesting findings was the detection of proteins predicted to be associated with the IM in the lipid raft fractions, which suggested that these could also exist in the IM. However, in our first proteome of lipid rafts using whole cells, we could not differentiate between proteins associated with the IM or OM.
After purifying the IM and OMs, we treated them with Triton-X100 and separated the soluble and DRM fractions by ultracentrifugation in an iodixanol density 
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gradient. The insoluble and soluble fractions from the IM were probed with antibodies against HflC, FtsH and OppAIV (Fig. 5) demonstrating that HflC and OppAIV were associated with rafts. However, FtsH appeared to be present in insoluble and soluble fraction. To get an overall picture of the proteins present in both fractions, we compared them by mass spectrometry to find those that were enriched in the detergent resistant fraction (Table 1 ). The lipid rafts from the IM were rich in proteins associated with binding/transport (38.2%; Supporting Information Fig. S2A ), especially members of the transport system superfamily of ATP-binding cassette (ABC) transporters (Table 1) . Also proteins associated with metabolic (20%) and catabolic (10.9%) processes were found and to a lesser extend proteins associated with sensing and signaling (7.3%) and scaffold proteins (3.6%; Supporting Information Fig. S2A ). Among these proteins were, HflC, HflK, FtsH, LysM, HtrA, Mcp-2 and Lon-1, proteins previously found highly enriched in lipid rafts in B. burgdorferi derived from whole cells. In addition, we analyzed in silico the predicted localization of the proteins found in lipid rafts in the IM fraction, finding that 89.1% of these were associated with this membrane or the periplasm (Supporting Information  Fig. S2B) .
Similarly, we identified the proteins enriched in lipid rafts in the OM fraction by mass spectrometry and we compared them with those found in lipid rafts in the IM ( Table 2 ). The OM was enriched with known proteins including OspA, OspB, P66 among others (Table 2) . Proteins such as GroEL and HtrA were found in both the IM and OM fractions, but while HtrA was found associated with lipid rafts in both fractions (Fig. 6) , GroEL was only found enriched in lipid rafts in the OM fraction. Likewise, components of the flagella apparatus were found in both fractions but enriched only in the DRMs of the OM fraction.
Overall the diversity of proteins in lipid rafts in the IM is greater and are mainly associated with transport (Table 1) , while in the OM are found the most abundant lipid raft proteins including OspA, OspB and GroEL (Table 2 ).
Discussion
In this study, we present biochemical and biophysical evidence that lipid rafts exist in the IM of B. burgdoferi. The lipid composition of the IM and OMs was similar and both had cholesterol glycolipids ACGal and CGal. Despite the differences in the quantity of ACGal and CGal between both membranes, the high level of cholesterol lipids was by itself a strong indicator for the potential to form lipid rafts in the IM of B. burgdorferi.
The biophysical data obtained by anisotropy and FRET was consistent with the presence of lipid rafts in both membrane fractions. Nonetheless, the vesicles made from OM lipids had consistently higher values of fluorescence anisotropy, indicating that the OM is, in comparison, more ordered than the IM. Similarly, vesicles from the OM lipids had a higher degree of segregation into domains as assayed by FRET than those from the IM lipids, indicating that lipids from the OM have a higher ability to promote raft formation. This could be due, at least in part, to the higher quantity of ACGal, in the OM, because it appears to be the main lipid component inducing ordered-domain formation in B. burgdorferi . The higher degree of saturation level of the acyl chains of lipids from the OM could also contribute to their ability to support raft formation to a greater degree than IM lipids, since tight acyl chain packing promoted by lipid saturation is a key feature of lipid raft organization (Ahmed et al., 1997; Brown and London, 1998) . Sphingolipids, which are key components of lipid rafts in eukaryotes, have largely saturated acyl chains that allow them to pack tightly together. In B. burgdorferi it has been shown that PC, at least partly, takes the place of sphingolipids in lipid rafts , probably due to its relative high level of acyl chain saturation (Hossain et al., 2001; ). Thus, the higher level of PC saturation in the outer membrane could contribute to the higher ability of outer membrane lipids to form lipid rafts.
The proteomes of lipid rafts from both membranes were characterized separately. The lipid rafts of the IM had a greater diversity of associated proteins, especially proteins with transport and signaling functions. Of these, ABC transporters were prominent in the IM. The presence of ABC transporters in the IM lipid raft fraction may not be coincidental as these transporters colocalize with cholesterol-rich microdomains in eukaryotes (Orlowski et al., 2007) . A number of biological functions have been examined at the ABC transporter-lipid raft interface in eukaryotic cells (Neumann et al., 2017) . Importantly, in bacteria with two membranes, ABC transporters are associated with the IM because they transport molecules from periplasm to cytosol. Despite finding several ABC transporters we did not find permeases, which are intregral membrane proteins, in the proteome of the IM (neither in the rafts nor in the soluble fraction); probably due to sensitivity limitations.
In contrast, the lipid rafts of the OM had more abundant proteins, notably lipoproteins OspA and OspB and GroEL. Some proteins were found in the lipid rafts from both membranes. This included, HtrA, which is not a surprise since HtrA is present in different subcellular locations including the IM, the periplasmic space and the OM Russell et al., 2013) and also has been found in vesicles as well as soluble extracellularly. Another interesting example was GroEL, which is primarily a cytoplasmic chaperone but is also found associated with the OM (Scopio et al., 1994; Nowalk et al., 2006) . The role that GroEL plays in the OM is not known but our results indicate that is associated with rafts in the OM. We also found by mass spectrometry and western blot that HflC and HflK were in lipid rafts in the IM. HflC and HflK are known to modulate the activity of FtsH, which is required to infect the tick vector and the mammalian host as well as for in vitro growth (Chu et al., 2016) , and was also found in lipid rafts. FtsH seems to be associated with rafts through the binding to HflC and HflK since it can also be found in soluble fraction by western blot. This observation is consistent with HflC and HflK having a role in regulating associated-proteins in rafts by either recruiting them (such as FtsH) or by facilitating the degradation of raftassociated proteins through the action of FtsH. Both HflC and HflK as well as other proteins with SPFH domains share several features, including subcellular sorting of proteins (Browman et al., 2007) . Although the mechanism or the motifs by which proteins are recruited into rafts are unclear, these membrane domains seems to provide a platform for protein recruitment (Langhorst et al., 2005) . DRMs are not synonymous with lipid rafts, but this approach is universally used to define the proteome of lipid rafts in eukaryotic cells (Insenser et al., 2006; Kim et al., 2009) and are useful to determine the protein composition of these structures (Brown, 2006) .
In bacteria, it has been shown that flotillin homologs play an important role in microdomain formation (Langhorst et al., 2005; Lopez and Kolter, 2010; Hutton et al., 2017) . Nonetheless, B. burgdorferi lacks a homolog for flotillin, thus it is possible that other SPFH proteins could be playing this role. Based on this observation and the fact that HflC and HflK are the only SPFH proteins is B. burgdorferi, they are good potential candidates to do so.
Based on these protein profiles, it seems likely that, lipid rafts in the OM play a role in environmental adaptation, whereas lipid rafts in the IM are associated with protein trafficking and signaling. As B. burgdorferi persist in diverse environments, tick mid gut and vertebrate host, the variation of lipid rafts in different milieus may be important to understand signaling processes that facilitate the transition of the spirochete from the tick vector to the vertebrate host and vice versa. Along these lines, this study reveals novel structural complexity in the lipid rafts of the IM and OM of B. burgdorferi. This complexity also extends to possible and different functional roles for this spirochete. The existence of cholesterol-based lipid rafts in this prokaryote suggests an evolutionary continuity for these structures.
Experimental procedures
Bacteria, cultures, antibodies, lipids and fluorescent probes B. burgdorferi B31-A3 was grown in BSK-II media supplemented with 6% rabbit serum (Sigma-Aldrich), at 338C. Escherichia coli was grown in Luria-Bertani broth at 378C in a shaking incubator. A murine IgG1 monoclonal antibody to OspA , a rabbit antibody to asialo GM1 ganglioside (Abcam, Cambridge UK), a rat monoclonal antibody to OppAIV (Mulay et al., 2007) , a rabbit polyclonal antibody to FtsH (Chu et al., 2016) and a rabbit polyclonal antibody to HflC (Chu et al., 2016) were used for western blot and slot blot applications. Additional markers for quality control of fractions used murine monoclonal antibodies to OspB ; to FlaB (Coleman and Benach, 1989) ; to Lp6.6 (Katona et al., 1992) ; and DnaK (Coleman and Benach, 1987) were used to detect proteins in western blots of IM and OM fractions. Likewise, rabbit polyclonal antibodies to P66, Lon protease (Coleman et al., 2009) ; and HtrA were used for the same purpose.
For F€ orster resonance energy transfer (FRET) experiments, the following probes were used: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (rhod-DOPE) from Avanti Polar Lipids; and 2-dipalmitoyl-snglycero-3-phosphoethanolamine-N-(1-pyrenesulfonyl) from Molecular Probes, Inc., For anisotropy experiments 1,6-diphenyl-1,3,5-hexatriene (DPH) from Sigma-Aldrich was used. Borrelia lipids extracted from the IM and OMs, and 1,2-dioleoyl-phosphatidylcholine (DOPC; Avanti Polar) were used to make vesicles as described below. Lipids and probes stock solutions were dissolved in chloroform and stored at 2208C. Concentration of fluorescent lipids were quantified from absorbance in methanol using E pyrene-DPPE 535,000 M (Haugland, 2002) .
Isolation of B. burgdoferi outer and inner membranes
The IM and OMs of B. burgdoferi B31-A3 were separated by incubating Borrelia in the presence of 25 mM citrate buffer (pH 3,2) in agitation for 2 h at room temperature and isolated using a discontinuous sucrose gradient followed by a continuous sucrose density gradient protocol as previously described (Skare et al., 1995; Lenhart and Akins, 2010) . The purity of the IM and OM fractions was assessed by western blot using antibodies to the outer membrane protein OspA (Barbour et al., 1983) , the cytoplasmic protein DnaK (Tilly et al., 1993) and the inner membrane protein OppAIV (Brooks et al., 2006; Mulay et al., 2007) . The IM and OM samples were used for thin-layer chromatography (TLC), slot blots, western blots, FRET and anisotropy applications or further treated, as described below, to isolate lipid rafts.
Detection of lipids in the outer and inner membranes
Lipids from the IM and OM were isolated following the Bligh and Dyer extraction protocol (Bligh and Dyer, 1959) . The lipid extracts were dried under a nitrogen gas stream, quantified by dry weight, dissolved in chloroform and spotted on a highperformance TLC plate (EM Separations), multiple lanes with lipids from the outer and inner membranes were loaded onto each plate. After equilibrating the TLC chamber with a mobile phase of chloroform-methanol (85:15 v:v) for 15 min. the lipids were chromatographed and purified as previously described . The lipid mobility patterns of cholesterol, cholesterol glycolipids and MGalD of B. burgdorferi have been studied and validated exhaustively in our previous publications (LaRocca et al., 2010; LaRocca et al., 2013; . Lipid concentration was measured by dry weight and then, more accurately, by nuclear magnetic resonance (NMR) using anthracene as a reference standard as previously described to prepare solutions with an estimated 800 lM lipid. To do this, lipids and anthracene were dissolved in deuterated chloroform and then the 1 H-NMR spectra of lipids were acquired on a Bruker Ascend TM 850 Mhz spectrometer with a 308 pulse, a delay time between acquisitions of 10 s to avoid saturation, and 32 acquisitions. The areas of lipid peaks corresponding to known numbers of protons per molecule were then compared to the area of anthracene proton peaks to calculate lipid concentration.
Model membrane vesicle preparation
Model membrane vesicles were made at a concentration of 50 mM total lipid by sonication. Briefly, lipids from the IM and OM were combined with fluorescent probes in a glass tube and dried for 10 min under nitrogen; samples were then transferred to a high vacuum and dried for 1 h. The dried lipids were heated to 708C for 5 min and mixed with preheated (708C) PBS (pH 7.8). The samples were sonicated in a bath sonicator (Laboratory Supplies) for 5 min or until the lipids appeared homogenously dispersed and then cooled to room temperature as described previously .
Temperature dependence of fluorescence anisotropy IM or OM lipid vesicles were prepared at a concentration of 50 lM with 0.1 mol % DPH (mixed with the lipid in organic solvent) as described above. Fluorescence anisotropy was measured in a SPEX FluoroLog 3 spectrofluorometer (Jobin-Yvon), equipped with an automated polarization apparatus, using quartz semi-microcuvettes (excitation path length, 10 mm; emission path length, 4 mm). Anisotropy versus temperature was measured by increasing temperature at 48C intervals from 168C to 608C as described previously in three separate experiments. Lipids from two different membrane preparations gave similar results.
Temperature dependence of FRET
Model membrane vesicles for FRET experiments were prepared by sonication as described above. The 'F samples' were vesicles composed of a mixture IM lipids, OM lipids or other unlabeled lipids, plus a FRET donor and a FRET acceptor. 'Fo samples' had the same unlabeled lipids and FRET donor but lacked the FRET acceptor. The F background samples were the same as F samples but lacked the FRET donor, while Fo background samples were the same as F samples except they lacked both the FRET donor and acceptor. The donor/acceptor pair used for FRET was 0.1 mol % pyrene-DPPE/5 mol % rhodamine-DOPE. The final samples contained unlabeled lipid at a concentration of 50 mM dispersed in PBS. The fluorescence of the samples was measured as function of increasing temperature from 168C to 608C at 48C intervals in a SPEX FluoroLog 3 spectrofluorometer as previously described in three separate experiments. Lipids from two different membrane preparations gave similar results.
Lipid unsaturation level measurement by 1 H-NMR
Dried lipids were mixed with deuterated chloroform, and then 1 H-NMR spectra of lipids were acquired on the Bruker Ascend TM 850 MHz spectrometer at 850 MHz with a 308 pulse, using a delay time between acquisitions of 10 s to avoid signal saturation, and 32 acquisitions. The areas of lipid peaks corresponding to known numbers of protons per molecule were used as the reference signal calculation (For PC and MGalD, a single proton attached to glycerol carbon 2, which has a chemical shift at about 5.2 ppm; for ACGal, three protons from one of the methyl groups in cholesterol, which has a chemical shift close to 0.7 ppm). The intensity (area) of the double bonds proton signal at chemical shift 5.5 ppm were compared to the area of reference proton peaks in order to calculate unsaturation levels in terms of the number of double bonds per lipid molecule. Note that there is one double bond proton from sterol in ACGal in the double bond peak, this was subtracted to calculate the number of double bonds in acyl chains for ACGal.
Isolation and analysis of DRMs of B. burgdorferi
DRMs from the IM and OM were isolated by detergent insolubility using Triton X-100, followed by gradient separation using the caveola/raft isolation kit and following the manufacturer's instructions (Sigma). The fractions were precipitated using trichloroacetic acid (TCA) as previously described (Toledo et al., 2015) and used for proteomic analysis or for western blot.
Immunoblots
Proteins from IM and OM samples were separated by electrophoresis (12.5% SDS-PAGE) and transferred to nitrocellulose membranes (GE Healthcare). Murine monoclonal antibodies were used to detect OspA and DnaK, a rat monoclonal was used to detect OppAIV, and FtsH and HflC were detected by a rabbit polyclonal antiserum. The immunoblots were resolved with goat anti-rabbit IgG IR800; goat anti-mouse IgG IR800; or anti-rat IgG IR800 and were read in an Odyssey scanner (Li-Cor Biosciences) in the 800-nm channel. For slot blots, whole cell B. burgdorferi lysate, its IM and OMs, and E. coli lysate were diluted in phosphatebuffered saline (PBS), applied to nitrocellulose membrane in a PR-648 slot blot apparatus (Hoefer), and blocked with 5% nonfat dry milk. Cholesterol glycolipids were detected using a rabbit antibody to asialo-GM1 that recognizes cholesterol glycolipids as described previously (Toledo et al., 2014) . Slot blots were read in an Odyssey scanner in the 800-nm channel. Class-specific secondary antibodies were used alone as controls (no primary) to detect possible nonspecific reactivity in all immunoblot experiments.
Trypsin digestion
Samples were dissolved in 8 M urea and 0.1 M NH 4 HCO 3 , reduced with 4 mM DTT and then alkylated with 8.4 mM iodoacetamide. The proteins were subsequently digested with trypsin (Trypsin Gold, Mass Spectrometry Grade, Promega) at a 25:1 protein:trypsin mass ratio, incubating for 16 h at 378C. The digests were brought to 2% formic acid (FA) and desalted with Supel-Tips C18 Micropipette Tips (Sigma-Aldrich) using FA containing solutions with varied acetonitrile (ACN) essentially as described in vendor's bulletin. The solvent was removed from the eluted peptides using a vacuum centrifuge and the resultant dried peptide was stored at 2808C. The eluted peptides were dissolved in 2% ACN, 0.1% FA (buffer A) for analysis by automated microcapillary liquid chromatography-tandem mass spectrometry (LC/MS/MS).
LC/MS/MS
Fused-silica capillaries (100 mm inner diameter -i.d.) were pulled using a P-2000 CO 2 laser puller (Sutter Instruments,) to a 5 mm i.d. tip and packed with 10 cm of 5 mm ProntoSil 120-5-C18H (Bischoff Chromatography) using a pressure bomb. The samples were loaded via an Dionex WPS-3000 autosampler, part of an Dionex Ultimate 3000 system (Germering). The column was installed in-line with a Dionex LPG-3000 Chromatography HPLC pump running at 300 nl min
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. The peptides were eluted from the column by applying a 5 min linear gradient from 0% buffer B (98% ACN, 0.1% FA) to 10% buffer B, followed by a 120 min linear gradient from 10% buffer B to 45% buffer B. The gradient was switched from 45% to 80% buffer B over 10 min. Finally, the gradient was changed from 80% buffer B to 0% buffer B over 10 min, and then held constant at 0% buffer B for 20 more minutes. The application of a 2.2 kV distal voltage electrosprayed the eluting peptides directly into an LTQ Orbitrap XL ion trap mass spectrometer (Thermo Fisher) equipped with a nano-liquid chromatography electrospray ionization source. Full mass spectra (MS) were recorded on the peptides over a 400 to 2000 m/z range at 60,000 resolution, followed by top-five MS/MS scans in the ion-trap. Charge state dependent screening was turned on, and peptides with a charge state of 12 or higher were analyzed. Mass spectrometer scan functions and HPLC solvent gradients were controlled by the Xcalibur data system (Thermo Fisher, San Jose, CA). MS/MS spectra were extracted from the RAW file with ReAdW.exe (http://sourceforge.net/projects/sashimi). The resulting mzXML data files were searched with GPM X!Tandem against a recent Unitprot B. burgdorferi (strain ATCC 35210/B31/CIP 102532/ DSM 4680) proteome database. The data was also analyzed and collated with Scaffold 4 (Proteome Software).
Database searching
Tandem mass spectra were extracted from the RAW file with ReAdW.exe (http://sourceforge.net/projects/sashimi). Charge state deconvolution and deisotoping were not performed. All MS/MS samples were analyzed using X! Tandem [The GPM, thegpm.org; version X! Tandem Sledgehammer (2013.09.01.2)]. X! Tandem was set up to search the BORBU_b31_cc database (2914 entries) assuming the digestion enzyme trypsin. X! Tandem was searched with a fragment ion mass tolerance of 0.50 Da and a parent ion tolerance of 20 PPM. Carbamidomethyl of cysteine was specified in X! Tandem as a fixed modification. Glu->pyro-Glu of the n-terminus, ammonia-loss of the n-terminus, gln->pyro-Glu of the n-terminus, deamidated asparagine and glutamine, oxidation of methionine and tryptophan and dioxidation of methionine and tryptophan were specified in X! Tandem as variable modifications.
Criteria for protein identification
Scaffold (version Scaffold_4.7.5, Proteome Software, Portland, OR) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability by the Peptide Prophet algorithm (Keller et al., 2002) with Scaffold delta-mass correction. Protein identifications were accepted if they could be established at greater than 99.0% probability and contained at least two identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003) . Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters.
The normalized spectra count was obtained by normalizing the total spectra counts at the MS level using Scaffold (version Scaffold_4.7.5, Proteome Software, Portland, OR). The normalized spectral abundance factor (NSAF) value was obtained as previously described (Zybailov et al., 2006) . NSAF values for each protein were compared in the insoluble fraction to those in the soluble fraction to determine which proteins were enriched in lipid rafts in the inner membrane using a t-test. Enriched proteins in the lipid raft fraction versus nonraft fraction with a p-value less than 0.0015 were included in Table 1 . To determine which proteins were enriched in the OM relative to the IM, the proteome of lipid rafts from both OM and IM were compared. Proteins enriched in the OM relative to the IM, and with a p-value less than 0.05 were included in Table 2 .
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaino et al., 2016) partner repository with the dataset identifier PXD007904.
Database analysis
Uniprot identifiers were assigned based on mass spectroscopy. Gene ontology (GO) terms and protein FASTA sequences were derived from Uniprot (http://www.uniprot. org/). The GO was not available for many of the proteins identified, therefore, CELLO (Yu et al., 2004) and Psort (Yu et al., 2010) were used to predict the protein subcellular localization.
